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We solved the Anderson Lattice Hamiltonian to get the energy bands of a strongly correlated 
semiconductor by using slave boson mean field theory. The transport properties were calculated 
in the relaxation-time approximation, and the thermoelectric figure of merit was obtained for 
the strongly correlated semiconductor and its superlattice structures. We found that at room 
temperature ZT can reach nearly 2 for the quantum wire lattice structure. We believe that it is 
possible to find high values of thermoelectric figure of merit from strongly correlated semiconductor 
superlattice systems. 



For a material to be a good thermoelectric cooler, it 
must ha|Sfe a high value of the thermoelectric figure of 
merit Za, which is defined as Z = Q^a/K, where Q 
is the thermopower(Seebeck coefficient), a is the electri- 
cal conductivity, and K the thermal conductivity. The 
best thermoelectric material now known is Bi2Te3, which 
has ZT « 1 at room temperaturetl. No materials are 
found at lower temperature with ZT larger than 1. Re- 
cently, much work has been done on strongly corre- 
lated semiconductors (also termed as Kondo insulators), 
and some authors suggested that this class of mated; 
may be good candidates for thermoelectric materialsB 
Some experiments have been carried out to try to find 
good thermoeleC|t|ric materials from strongly correlated 
semiconductorsBEl, however, so far there is no satisfac- 
tory result. 

The strongly correlated semiconductors can be char- 
acterized as a mixeij valence semiconductor with a band 
gap less than lOOOKQ. The small value of the gap and its 
significant temperature dependence have been shown to 
be consistent with a band structure where the hybridiza- 
tion between local f or d electrons and the conduction 
band is strongly renormalized by many body effects 
to the large on-site f or d electron Coulomb repulsioni 
Near the chemical jjotential the band of this class of ma- 
terial is almost flataa. This is a close approximation of 
the ideal electronic structure suggested by Mahan and 
SofotI for thermoelectric materials, where the transport 
distribution function is a delta function centered about 
2-3 kT from the fcrmi energya. 

In this paper we calculate the transport properties of 
a strongly correlated semiconductor with an indirect gap 
of approximately 600K, which is a good approximation 
of the condition derived by Mahan and Sofo. Some au- 
thors have argued that a superlattice system might in- 
crease the thermoelectric figure of meritEj. Here, we also 
consider the superlattice structure of the strongly corre- 
lated semiconductor, because the indirect gap for them 
is proportional to V"^ jW (where V is the hybridized ma- 
trix element and W is the band width of the conduction 
electrons), one may expect a wider indirect gap for a su- 
perlattice structure. Additionally, the DOS (density of 



states) will also be modified to influence thermoelectric 
behavior. We expect that these will improve the perfor- 
mance of the thermoelectric figure of merit. 

Our calculation follows the. method used by Sanchez- 
Castro, Bedell, and CooperQcl. Here the Anderson Lat- 
tice Hamiltonian is used, which can be written as: 
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where cj.^ is a creation operator for a conduction electron 
with wave vector k located in the first Brillouin zone and 
with spin s = ±i ; fj^ is a creation operator for a lo- 
calized / electron centered at Ri in the ith unit cell, Ns 
is the number of unit cells in the crystal. We consider 
the case U ~ oo, two electrons per primitive cell, and 
degeneracy N ~ 2. We treat the U — oo Anderson Lat- 
tice Hamiltonian using a slave boson formalism. Here 
fj^ is represented as the bilinear product f-^ — f}^bi, 
where /j^. is a slave fermion creation operator represent- 
ing the l/i-^'' >Ri configuration, and b\ is a slave boson 
creation operator representing the j/i-"'' >Rj configura- 
tion. In terms of the slave boson operators, the U — oo 
Anderson lattice Hamiltonian is rewritten as: 

^' = E^M:.c.. + E^/At./^- 
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where a time independent auxilliary boson field A; is 
added, which couples to the system through the last term 
in the Hamiltonian and enforces the constraint of no mul- 
tiple occupancy of a / site. Furthermore, the mean filed 
approximation is applied to the slave boson Hamiltonian 
by replacing the boson field with expectation value over 
the coherent equilibrium states, namely, r =< bi > and 
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A =< Xi >. Now the resulting Hamiltonian has renor- 
mahzed hybridization matrix element V = rV and renor- 
malized / level position = + A. After changing 
to the Bloch representation for the / electrons given by 
fl^ = -^^=^ie~^'''^^fj^, a canonical transformation is 
performed to the hybridized band creation operators as 
follows, 
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In terms of the hybridized band operators, the mean 
field Hamiltonian simplifies to: 
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where n = I, 2 is the band index and ekn is the hybridized 
band energy given by 
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and 



The resulting DOS are given by 
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The equations for determining the expectation values 
of the boson fields are obtained by minimizing the mean 
field energy with respect to r and A respectively. The 
resulting equatiou^to determine r, A and the chemical 
potential fi are:Ej'E3 
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where is the Fermi-Dirac distribution function. 

The relaxation-time approximationEj is used in our 
calculation, thus the electrical conductivity cr, the ther- 
mopower Q, and the thermal conductivity k are given 

by a = Lo, Q = -MX^. and « = ^(Lz - LiL^'L,), 
where Lm is 
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For the case of a small number of impurities, the elec- 
tronic relaxation time is given by 
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for n ~ 1(2) and Nimp is the total number of impurities. 
We have assumed a value of {Nimp/Ns)VQ^ — 0.09ey^ for 
the impurity potential so that the electrical conductivity 
is of the same order as the material FeSi. 

Now we calculate the thermoelectric figure of merit for 
bulk material. At first, the dispersion relation of the 
conduction band is assumed to be a tight-binding band 
expressed as following: 
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To perform our calculation, we consider a cubic lattice 
with a lattice constant = 831^, W = b.OeV, = 
OAeV^, and e/ = 0.67eV below the conduction Fermi 
energy, so that the indirect gap is 610K at T = OK. 

In Fig.l the dimensionless quantity ZT as a function 
of temperature is shown. We find that ZT is no higher, 
than 0.02, and it is similar to the measurement on FeSi.EI 
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FIG. 1. The temperature dependence of the dimensionless 
quantity ZT for bulk material in which the conduction band 
is a tight-binding band 

However, because the electrons and holes are almost 

evenly distributed when a tight-binding model is consid- 
ered, and the contributions to thcrmopower from holes 
and electrons are opposite, one may expect an increase 
of the thermopower Q, hence ZT^ if a material has such 
a conduction band that makes the hybridized band more 
different for holes and electrons respectively. Thus wc 
replace the tight-binding band with a nearly parabolic 
band in our afterwards calculation, and we will pay more 
attention on details of this case. 

The figure of merit Z has been calculated for (i) a 
three dimensional (3D) bulk material, (ii) a 2D multi- 
layered superlattice, and (iii) a ID quantum wire lattice. 
It is assumed that conduction band is a nearly parabolic 
band. For a suitably fabricated superlattice, the conduc- 
tion electrons are confined to move within 2D quantum 
wells or within ID quantum wire, they occupy only the 
lowest subband of the quantum well or quantum line, and 
it is approximated that there is no tunneling between lay- 
ers or lines. Thus the dispersion relation of conduction 
electrons in 3D is chosen to be 
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where 
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and we let W = G.OeV, Vq = 0.1{^^)'^eV^. In the 2D 
case, the dispersion relation becomes: 



4 = ^0 + ^[f{k.)+f{ky)] 

and in the ID case , the dispersion relation as: 
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where eg is a constant reference energy. In our calcula- 
tion, we still assume that e/ is 0.67eV below the conduc- 
tion Fermi energy so that the indirect gap at T = OK is 
640K for 3D case. 

Fig. 2 shows the transport properties verse temper- 
ature for the 3D. 2D and ID cases, and Fig. 3 shows 
results of our calculation of the dimensionless quantity 
ZT as function of temperature. We find that at low tem- 
perature. ZT may be very large, however, it has to be 
noted that in our calculation, we have not included lat- 
tice thermal conductivity, which will dominate the total 
thermal conductivity at low temperature, thus ZT will 
be dramatically decreased. At room temperature, elec- 
tronic thermal conductivity is larger than or comparable 



to lattice thermal conductivity. What's more, for su- 
perlattice system, the phonons can be scattered by the 
interfaces and therefore lattice thermal conductivity can 
be reduced. Therefore ZT in our calculation should only 
be afii'ected a little bit. 
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FIG. 2. The transport properties (a. electrical conductiv- 
ity, b. thermal conductivity, c. thermopower) for 3D, 2D and 
ID cases in which the conduction band is nearly parabolic 
band 
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FIG. 3. The temperature dependence of the dimensionless 
quantity ZT for 3D, 2D and ID cases in which the conduction 
band is nearly parabohc band 

In Fig. 3 we find that at room temperature, ZT = 0.2 
for bulk material, ZT — 0.65 for the case of quantum 
well, and ZT = 1.4 for quantum wire. We also carried out 
our calculation making the indirect gap of bulk material 
be 1000 K, and found that ZTs at room temperature for 
all the three cases were increased, ZT for ID reached 2.0, 
and for 2D nearly 1.5. In order to compare strongly cor- 
related semiconductor with ordinary semiconductors, we 
made some calculation for ordinary intrinsic semiconduc- 
tor in the cases of 3D, 2D and ID. In these calculations, 
we let the indirect gap of the ordinary semiconductor be 
the same as the corresponding values of the strongly cor- 
related semiconductor. At first we adjusted the effective 
mass of the electron band and the hole band so that in 
the 3D case ZT = 0.2 whenT = 300Jsr, then used these 
parameter to get ZT = 0.24 for 2D, and ZT = 0.4 for 
ID. Comparing with the results for strongly correlated 
semiconductors with ZT = 0.2, 0.65 and 1.4 for 3D, 2D 
and ID cases, we find there is an advantage in use of 
strongly correlated semiconductors. 

Our calculation indicates that to find good thermoelec- 
tric material from strongly correlated semiconductors, 
the form of the conduction band is very important, and it 
should be a nearly parabolic band. At low temperature, 
unless there is some way to drop lattice thermal con- 
ductivity dramatically, ZT will not be large enough for 
application. At room temperature, for bulk material ZT 
is still very low, while the quantum wire lattice structure 
may have a value of ZT as large as 2. In addition, it may 
also be possible to increase ZT by doping as in Bi2Te^, 
where Sh or Se is added, and the up to now best, p-type 
or n-type thermoelectric materials are achievedu. It is 
still interesting to investigate the potential application 
of strongly correlated semiconductor superlattice in the 
area of thermoelectric cooling, also further improvement 
by doping as in ordinary semiconductors. 
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